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Abstract 

We consider a 2-parameter class of solvable closed superstring models which 'interpolate' 
between Kaluza-Klein and dilatonic Melvin magnetic flux tube backgrounds. The spec- 
trum of string states has similarities with Landau spectrum for a charged particle in a 
uniform magnetic field. The presence of spin-dependent 'gyromagnetic' interaction implies 
breaking of supersymmetry and possible existence (for certain values of magnetic parame- 
ters) of tachyonic instabilities. We study in detail the simplest example of the Kaluza-Klein 
Melvin model describing a superstring moving in flat but non-trivial 10-d space contain- 
ing a 3-d factor which is a 'twisted' product of a 2-plane and an internal circle. We also 
discuss the compact version of this model constructed by 'twisting' the product of the two 
groups in SU{2)xU{l) WZNW theory without changing the local geometry (and thus the 
central charge). We explain how the supersymmetry is broken by continuous 'magnetic' 
twist parameters and comment on possible implications for internal space compactiflcation 
models. 
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1. Introduction 

An important problem in string theory is to study how quantised strings propagate in 
non-trivial backgrounds described by conformal 2d models. This may help to understand 
the structure of the space of exact string solutions as well as certain generic properties of 
string theory like the existence 'critical' or 'maximal' values of fields, instabilities, mecha- 
nisms of supersymmetry breaking, residual symmetries of string spectrum, etc. 

Magnetic field is one of the simplest probes of the spectrum and critical properties 
of a physical system. In the context of a gravitational theory like closed string theory, a 
magnetic background is accompanied by a curvature of space-time. In spite of that, certain 
closed string magnetic models can be solved exactly. In particular, these are static fiux 
tube type configurations with approximately uniform magnetic field which generalize the 
Melvin solution of the Einstein-Maxwell theory [Q. Such backgrounds are exact solutions 
of (super)string theory |]2|,Q and, moreover, the spectrum of the corresponding unitary 
conformal string models can be explicitly determined f^,^. 

Below we shall first review the solution of this class of magnetic models. In the last 
section we shall discuss related compact models which may be used for string compactifi- 
cations and the issue of supersymmetry breaking induced by 'magnetic' twist parameters. 

Before turning to closed string theory let us first recall the solution of similar uniform 
magnetic field problems in particle (field) theory and open string theory. 

1.1. Point particles and open strings in magnetic field 

The reason why the quantum-mechanical or field-theoretical problem of a particle 
in a uniform abelian (electro) magnetic field is exactly solvable is that the action / = 
j dT[x^x^ -\- iex^ A^{xy\ (which determines the Hamiltonian in quantum mechanics and 
the heat kernel in field theory) becomes gaussian if the field strength is constant, = 
— ^F^^x'^, Ff^i, = const. Assuming the magnetic field is directed along x^-axis (so that 
Fij = Heij, i,j = 1, 2) and introducing x = xi + ix2, a = —i{d* + jcHx), = —i{dx — 
jcHx*), [a, a^] = |eif, one can reduce the corresponding quantum-mechanical problem 
to a free oscillator one. The resulting energy spectrum is the special {S = 0) case of the 
Landau spectrum for a particle of charge e, mass Mq and third component of the spin S 
(we assume eH > 0) 

= +pl-2eHJ , J=-l-\ + \gS, / = 0,1,2,... . (1.1) 

Here / is the Landau level number (which replaces the continuous momenta ^1,^2) and g 
is the gyromagnetic ratio which is 1/5" for minimally coupled particles but can be equal to 
2 for non-minimally coupled ones. Thus E'^ can become negative for large enough values 
of H, e.g., H > Hcrit = Mq/c for spin 1 charged states. That applies, for example, to 
VF-bosons in the context of electroweak theory |]5| suggesting the presence of a transition 
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to a phase with a VF-condensate. In the case of unbroken gauge theory with massless 
charged vector particles the instabihty is present for any (e.g., infinitesimal) value of the 
magnetic field This infra-red instability of a magnetic background is not cured by 
supersymmetry, i.e. it remains also in supersymmetric gauge theories (e.g., in ultra-violet 
finite = 4 supersymmetric Yang-Mills theory) since the small fluctuation operator for 
the gauge field —dfj,,^D^ — 2F^i, still has negative modes due to the 'anomalous magnetic 
moment' term. This is not surprising given that the magnetic spin-dependent coupling 
breaks supersymmetry. 

The meaning of this instability is that the expansion is carried out near a classical 
solution of the Yang-Mills equations (abelian — —^HeijX^ belonging to the Cartan 
subalgebra) which is not a vacuum one: the energy is proportional to and thus is 
minimal for H = 0. As a result, a non-zero magnetic field will tend to dissipate. The 
presence of tachyonic modes in the magnetic background with infinitesimal (but non- 
vanishing H) does not indicate an instability of the trivial vacuum but only that of a 
configuration with H (this corresponds to a resummation of the expansion in small 
perturbations near the trivial vacuum) . 

The solution of the uniform magnetic field problem in the open string theory is similar 
to the one in the particle case. Indeed, the open string is coupled to the (abelian) vector 
field only at its ends, / = / d^a daX^d°'x^ + ie f dr A^{x)x'^, and thus for the abelian 
background = —^F^,^x" the resulting gaussian path integral can be computed exactly 
0. This is a consistent 'on-shell' problem since F^^, = const is an exact solution of the 
effective field equations of the open string theory. The corresponding 2d world-sheet theory 
is a conformal field theory which can be solved explicitly in terms of free oscillators 
(thus representing a string generalization of the Landau problem in quantum particle 
mechanics). As a result, one is able to determine the spectrum of an open string moving 
in a constant magnetic field The Hamiltonian (Lo) of the open (super) string in a 

constant magnetic field is given by [^|| 

'H = \a'{-E'' +pI)+N --iJ , (1.2) 

2 

7 = — |arctan(ia'7reii7) + arctan(^a'7Te2-ff) I , < 7 < 1 . 

TT 

Here ei, 62 are charges at the two ends of the string and H is the magnetic field, Fij = Heij. 
iV = 0, 1, 2... is the number of states operator and J = —l — ^ + S is the angular momentum 
operator of the open string in the (1,2) plane. The energy spectrum is found from the 
constraint 7i = and for small CiH is in agreement with ( p. . 1|) with g = 2. A novel feature 
of this spectrum as compared to the free (super)string one is the presence of tachyonic 
states above certain critical values of the magnetic field (i?crit ~ a'~^N/S ~ a'~^). Thus 
the constant magnetic field background is unstable in the open string theory (as it is in 
the non-abelian gauge theory). A qualitative reason for this instability is that the free 
open string spectrum contains electrically charged higher spin massive particle states and 
the latter have (approximately) the Landau spectrum ( |1.1D (7 ^ a'{ei + e2)H for a weak 
field). The tachyonic states appear only in the bosonic (Neveu-Schwarz) sector and only 
on the leading Regge trajectory (/ = 0, maximal S for a given mass level iV, = iV + 1). 
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1.2. Closed strings and Melvin-type magnetic flux tube backgrounds 

Similar background magnetic field problem is also exactly solvable in closed (su- 
per) string theories [|T0|,|3|.|^] . This may be unexpected since the abelian vector field 



is now coupled to the internal points of the string, and such interaction terms, e.g., 
AL = dydy + A^{x)dx'^dy + A^{x)dx^dy + do not become gaussian for = —^F^^x^. 
Here y G (0, 27ri?) is a compact internal Kaluza-Klein coordinate that 'charges' the string. 
The spectrum of the closed string compactified on a circle contains states with arbitrarily 
large masses, spins and charges Ql,r = rnR~^ ± wa'~^R, (m, w = 0, ±1, ...). One differ- 
ence compared to the open string case is that there are infinitely many possible values of 
charges. Another is that both and are, in general, non-vanishing and coupled to 
(a combination of) two abelian vector fields (^5;^ and i?5^).0 

The important observation is that in contrast to the tree level abelian open string 
case, the F^^ = const background in fiat space does not represent a solution of a closed 
string theory, i.e. the above interaction terms added to the free string Lagrangians do 
not lead to conformally invariant 2d cr-models. Since the closed string theory contains 
gravity, a uniform magnetic field, which has a non- vanishing energy, must curve the space 
(as well as possibly induce other 'massless' background fields). One should thus first find a 
consistent conformal model which is a closed string analogue of the uniform magnetic field 
background in the flat space field (or open string) theory and then address the question 
of its solvability. Remarkably, it turns out that extra terms which should be added to the 
closed string action in order to satisfy the conformal invariance condition (i.e. to satisfy 
the closed string effective field equations) produce solvable 2d models. Like the particle 
and open string models, these models are exactly solvable in terms of free oscillators (one 
is able to find explicitly the spectrum, partition function, etc). 

A simple example of an approximately uniform magnetic field background in the 
Einstein-Maxwell theory is the static cylindrically symmetric Melvin 'magnetic universe' 
or 'magnetic fiux tube' solution It has topology and can be considered [|12 



as a 



gravitational analogue of the abelian Higgs model vortex |T^ with the magnetic pressure 
(due to repulsion of Faraday's fiux lines) being balanced not by the Higgs field but by the 
gravitational attraction. The magnetic field is approximately constant inside the tube and 
decays to zero at infinity in the direction orthogonal to xa-axis. The space is not, however, 
asymptotically euclidean: the (p, ip) 2-plane orthogonal to X3 asymptotically closes at large 
p (so the solution should be interpreted not as a fiux tube embedded in an approximately 
fiat space, but rather as a 'magnetic universe'). Several interesting features of the Melvin 
solution in the context of Kaluza-Klein (super)gravity (e.g., instability against monopole 
or magnetic black hole pair creation) were discussed in |lT^ , |T4| , p!5[| . 



^ As a result, the gyromagnetic ratio of closed string states is g < 2, e.g., g = 1 for standard 
non-winding Kaluza-Klein states [11,3). 
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This Einstein-Maxwell ('a = 0') solution has two direct analogues among solutions 
of the low-energy closed string theory (superstring toroidally compactified to D = 4). 
Assuming = y is a, compact internal coordinate, the D = 5 string effective action can 
be expressed in terms of -D = 4 fields: metric G^j^, dilaton (p, antisymmetric tensor -B^j^, 
two vector fields and (related to G^^ and B^^^) and the 'modulus' a. The dilatonic 
('a = 1') and Kaluza-Klein ('a = y/S') Melvin solutions have zero B^^, but (p or a being 
non-constant. Starting with the D = 5 bosonic string effective action and assuming that 
one spatial dimension is compactified on a small circle, one finds (ignoring massive 
Kaluza-Klein modes) the following dimensionally reduced D — 4 action 

S^ = J d^xVG e-^^ [ R + 4(a^$)2 - (d^af (1.3) 

-UH,.x? - y-{F,M)? - le-'''{F,.m' + 0{a')] , 

where = G^^~G^^A^A^, F^^{A) = 2d[^A^], F^^{B) = 2d[^B^], Hx^^ = 3d[xB^^] - 
3A[\F^,^j{B), $ = ^ — ^a. The effective equations following from (|1.3| ) have a 3-parameter 
(a, /3, g) class of stationary axisymmetric (electro)magnetic flux tube solutions The 
most interesting subclass of these solutions {a = (3) describes static magnetic flux tube 
backgrounds (/3 and q are magnetic field strength parameters). It contains the a = a/3 and 
a = 1 Melvin solutions |T^ as the special cases of (3 = and (3 = q. The four-dimensional 
geometry is given by (in terms of the string metric in ( |1.3| ); x^ = (t, p, ip, x^)) 

dsl = -dt^ + dp^ -f F{p)F{p)p^dip^ + dxl , (1.4) 

A^ = qF{p)p' , B^ = -(3F{p)p' , (1.5) 

e2(<^-</'o) = F(p) , e"^ = F{p)F-\p), ^ = TT^T ' ^ ^ TTr^ ' 

1 + q p 1 + p p 

There are two magnetic fields with the effective strengths q and (3 (when both are non- 
vanishing the radius of (/^-circle goes to zero at large p) . In particular, the 'a = Melvin' 
background is (/3 = 0, g 7^ 0): 

dsl = -dt'^ + dp^ + F{p)p^dip'^ + dxl > (1-6) 

A = qF{p)p^d^ , e^^ = F"^ = 1 + q^ p^ , B = B = Q , </> = </>o, 
and the 'a = 1 Melvin' background is (/3 = g 7^ 0): 

dsl = -dt^ + dp^ + F'^{p)p^dip^ + dxl . (1-7) 

^ In these special cases there is effectively just one non-trivial vector and one scalar so that 
the Einstein-frame action can be put into the form J d'^xyfG' [i?' — |(c?^V)'^ ~ F^u\ ■ 
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A = -B = PF{p)p'^dip , e2('^-'^o) =F= S = a = 



The string model corresponding to the a = 1 Melvin background fT^ was constructed in 
and solved in [^. The general case of arbitrary was studied in |]^. The model 

describing a = Melvin background is the simplest possible special case. The reason is 
that when viewed from higher dimensions the background corresponds to a flat (but 
globally non-trivial) 5-dimensional space-time |T^,^.li This is why the associated string 
model is explicitly solvable. 

The remarkable simplicity of the a = Melvin string model makes it a good ped- 
agogical example which we shall discuss first (Section 2), before turning to more general 
[P, q) models (which no longer correspond to flat higher dimensional spaces but are still 
solvable). The quantum Hamiltonian of the corresponding type II superstring model will 
be equal to the free superstring one plus terms linear and quadratic in angular momentum 
operators. As a result, the mass spectrum can be explicitly determined. We will show that 
supersymmetry is broken and that there exist intervals of values of moduli parameters 
(Kaluza-Klein radius and magnetic field strength) for which the model is unstable. The 
string partition function on the torus is IR finite or infinite depending on the values of 
the parameters. We shall consider both the Ramond-Neveu-Schwarz and the light-cone 
Green-Schwarz formulation of the theory (in the latter the breaking of supersymmetry is 
related to the absence of Killing spinors in the Melvin background). 

In Section 3 the results obtained for the a = \/3 Melvin model will be generalized to 
the (/3, q) class of static magnetic fiux tube models and, in particular, to the a = 1 Melvin 
model. We shall explain the reason for solvability of these models and clarify the nature of 
perturbative instabilities that appear for generic values of the magnetic field parameters. 

In Section 4 we shall first explain the relation between the a = Melvin model and 
superstring compactifications on twisted tori where supersymmetry is broken by discrete 
rotation angles. Then we shall consider the compact version of the a = Melvin model 
which is obtained by 'twisting' SU(2) x U{1) WZNW model and discuss the issue of 
supersymmetry breaking by the twist parameters. 



^ This is an interesting example of a Kaluza-Klein background which looks non-trivial (curved) 
from lower-dimensional point of view but is actually flat as 5-dimensional space. That means that 
the total contribution of the three 4-dimensional fields (metric, vector and scalar) in any local 
observable will vanish. However, the global properties of the corresponding string theory will 
be non-trivial. Note also that since the effective Kaluza-Klein radius e'^ R grows with p, the 
Kaluza-Klein interpretation may not apply for large q (see [|T5| ). 
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2. Superstring model for a = Melvin background 

2.1. Bosonic string model 

Let us consider the closed bosonic string propagating in the space = x T^~^, 
where T"^ is a torus and = RfX R^.^ x M.'^ . is flat but globally non-euclidean space 
which can be represented as a twisted product (symbolically, M.^ = * S^) of the 2-plane 
R^ (p, {p) with Kaluza-Klein circle {y G (0, 2tvR)) (or as a bundle with 5"^ as a base and 
R^ as a flbre) . It can also be obtained |T^ by factorizing R^ over the group generated by 
translations in two angular directions: in the coordinates where ds'^ = dp^+p'^d9^+dy^ one 
should identify the points (p, 6*, y) = (p, 9 + 2Tvn + 27TqRm, y + 2nRm) (n, m =integers), i.e. 
combine the shift by 2nR in y with a rotation by an arbitrary angle 27rqR in the 2-plane. 
In terms of the globally defined 27r-periodic coordinate f the metric oi Ai^ is 

ds^ = dp"^ + p'^{d<f + qdyf + dy^ . (2.1) 

It is fiat since locally one may introduce the coordinate 9 = (p + qy and decouple y from 
p, (p. The global structure of this 3-space is non-trivial: the fixed p section is a 2-torus 
(with p-dependent conformal factor and complex modulus) which degenerates into a circle 
at p = (the space is actually regular everywhere, including p = 0) . 

The Lagrangian describing string propagation in such fiat but globally non-trivial 

is 

L = Lo + Li , Lo = -datd^'t + daX^d'^x'^ , (2.2) 
Li{M^) = dapd'^p + p'ida^ + ?a„2/)(aV -f qd'^y) + dayd'^y . (2.3) 

Here p > and Q < ip <2tx correspond to the cylindrical coordinates on a (xi, a;2)-plane, 
y is a 'Kaluza-Klein' coordinate with period 2'kR, and include the fiat a:"^-coordinate 
o{ D = A space-time and, e.g., 21 (or 5 in the superstring case) internal coordinates 
compactified on a torus. To give the 4-dimensional interpretation to this model Li should 
be represented in the 'Kaluza-Klein' form 

Li = dapd'^p + F{p)p''daipd''ip + e^%day + A^da^){d''y + , (2.4) 

where = e^'^ = 1 + ?^p^, Atp = qp^F. The resulting D = 4 background (metric, 
Abelian vector field A^^ and scalar a) is indeed the a = \/3 Melvin geometry (|1.6|) . The 
parameter q thus has the interpretation of the magnetic field strength at the core of the 
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flux tube. From the 4-dimensional point of view tliis model describes the motion of charged 
string states in the a = V3 Melvin magnetic flux tube background.! 

Although the 5-space is flat, the string theory ( |2.3| ) will be non-trivial already at the 
classical level (due to the existence of winding string states) and also at the quantum level 
in the non-winding sector (where there will be a 'magnetic' coupling to the total angular 
momentum in the 2- plane). This represents an example of a gravitational 5d (space-time) 
Aharonov-Bohm-type phenomenon: the value of the magnetic field strength parameter q 
does not influence the (zero) curvature of the space but affects the global properties like 
masses of string states. 

Since Ai^ is flat, the model ( |2.3|) is conformal for arbitrary values of the two parameters 
q and R. Certain values of these moduli are special: if qR = n, n = 0, ±1,..., the 
coordinate 9 is globally defined (27r periodic) and so ( pT^ ) is equivalent to a free bosonic 
string theory compactified on a circle.ll Models with n < qR < n + 1 are equivalent 
to models with < qR < 1. This periodicity condition in qR will be modified in the 
superstring theory: because of the presence of fermions of half-integer spin n will be 
replaced by 2?!, i.e. only models with qR = 2n will be trivial (more generally, superstring 
theories with (i?, q) and {R, q + 2nR~^) will be equivalent). 

The Lagrangian ( |2.4| ) has the following useful form {x = Xi + 1x2 = pe**^) : 

Li = {daXi - qeijXjday){d°-Xi - qei^xjO^y) + dayd^y (2.5) 
= D'^xDlx* + dayd'^y , Da = da + iAa , Aa = qday , 



We assume that g is a continuous parameter. There is no reason for its quantization at 



the level of string model ( p.3[) . Given the magnetic flux tube (1^) interpretation of this model, 
one may, however, wonder how this is reconciled with the flux quantization in similar magnetic 
backgrounds like the Higgs scalar vortex or magnetic monopole on 2-sphere. Though the magnetic 
flux through the (p, (p) 2-plane is flnite in the case of the Melvin background, the topological 
argument for its quantization (cf. does not apply since the 2-space is non-compact (the 

p = 00 point is not part of the space). Given a magnetic field configuration with a finite flux 
through a 2-plane, the flux may be quantised once charges are added since this may corresponds 
to a state of minimal energy (cf. the case of the Cooper pairs in superconductors; the minimal 
energy condition leads also to the asymptotic condition D^t/) = 0, leA^j, = 9^^, etc., in the case 
of the scalar vortex). 

^ The trivial models with qR = n may still look non-trivial from lower dimensional Kaluza- 
Klein point of view. The equivalence between higher dimensional and lower dimensional de- 
scriptions is, of course, established once the contribution of the whole tower of higher massive 
Kaluza-Klein states is taken into account. 
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where the 2d gauge potential Aa is fiat (locally pure gauge). Since y is compact, the effect 
of this gauge potential will be non-trivial if the world sheet will have non-trivial holonomy 
(2d or 'world sheet' Aharanov-Bohm effect). 

The flatness of the potential Aa = qdaH in (|2.5D implies that x can be formally 'rotated' 
to decouple it from y. Then y satisfies the free- field equation and x is also expressed in 
terms of free fields. The only interaction which effectively survives in the final expressions is 
the coupling of x to the derivative of the zero mode part of y (e.g., = yo + ^a'pr + 2Rwa 
in the case of the cylinder as a world sheet). It is then straightforward to carry out the 
canonical quantization procedure, expressing all observables in terms of free oscillators. 
The resulting Hamiltonian will be given by the sum of the free string Hamiltonian plus 
0{q) and 0{q^) terms depending on the left and right components of the free string angular 
momentum operators Jl and Jn 

This bosonic string model is stable in the non- winding sector, where there are no new 
instabilities in addition to the usual flat space tachyon . This means, in particular, that 
the Kaluza-Klein fleld theory corresponding to the Melvin background is perturbatively 
stable with respect to the 'massless' (graviton, vector, scalar) and massive perturbations 
(the theory may still be unstable at a non-perturbative level [jT^). At the same time, there 
exists a range of parameters q and R for which there are tachyonic states in the winding 
sector. This instability (whose origin is essentially in the gyromagnetic coupling term 
wqR^Jfi — Jl) which may have a negative sign, see below and cf. (|1.1|),(|1.2|)) is not related 
to the presence of the flat bosonic string tachyon and survives also in the superstring case 

i- 

2.2. Solution of the superstring model 

Let us now consider the type II superstring version of (|2.2| ) using first the RNS for- 
mulation of the model. The (1,1) world-sheet supersymmetric extension of the model 
(^),(^) has the form (x^ = {x\y)) 

Lnm = G^Md+x^d-x" + A^^D+A^ + Al^D_A^ , (2.6) 

D±nM = C5± + ^Z,d±x^ ■ 
ym _ g^^^i g^j^g vierbein components of the 2d Majorana-Weyl spinors and OJ^^ is flat 
spin connection (so that the quartic fermionic terms are absent). i In terms of the left and 
right Weyl spinors A = Ai -|- i\2 corresponding to x = xi -|- ix2 and A^ = -0, we get (cf. 

(ED) 

Lk^s = UD+xD*_x* + c.c.) + d+yd-y + X*rD+Xr + XID.Xl (2.7) 

^ In the basis e* = dx"^ — qe'^-'xjdy, = dy, the spin connection 1-form has the fohowing 
components: u!^^ = —qe^^dy, = 0. 
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+ t/jRd+i^R + i^Ld-t/jL , D±=d± + iqd±y , 

where the covariant derivative D± is the same as in ( p.5|) , i.e. it contains the flat 2d U{1) 
potential. This means that, as in the bosonic case, it is possible to redeflne the flelds x, 
A so that the only non-trivial coupling will be to the zero mode of y. Although it may 
seem that, as in the bosonic case, the model with qR = n should be equivalent to the 
free superstring theory compactifled on a circle (since for qR = n one can, in principle, 
eliminate the coupling terms in (|2.7|) by rotating the flelds) this will not actually be true 
unless the integer n is even, n = 2k. The non-triviality for n = 2k + 1 is directly related to 
the presence of space-time fermions in the spectrum, which change sign under 2n spatial 
rotation accompanying the periodic shift in y. This will be obvious in the GS formulation 
(see below). 

Taking the world sheet to be a cylinder (0<r<oo,0<cr<7r)so that x,y, X obey 
the usual closed-string boundary conditions 

x{t, a + tv) = x(r, a) , y(r, a + tv) = y{T, a) + 2tiRw , w = ±1, ... , (2.8) 

Afl,L(r,a + 7r) = ±A^j,L(r,a) , (2.9) 

we can solve the classical equations corresponding to (|2.7|) by introducing the flelds X 
and Afl^i, which satisfy the free string equations but have 'twisted' boundary conditions 
{a± = T± a)§ 

x{r,a) = e-''iy^^^"^X{T,a) , d+d-X = , X = X+{a+) + X_{a-) , (2.10) 

X{r,a + n) =e^'''^X{r,a) , 'j = qRw , (2.11) 

Afl,L(r, a) = e-^'^^(-'-)Afl,i(r, a) , d±An,L = , Ar,l = ^r,l{^^) , (2.12) 

Ai?,L(r, a + n) = ±e2-^^Afl,L(r, a) , (2.13) 

with the signs '±' in ( p.l3| ) corresponding to the Ramond (R) and Neveu-Schwarz (NS) 
sectors. The crucial observation is that if x, A are on shell, y still satisfles the free-fleld 
equation: 

d+d-y = 0, y = y,+y', y, = yo + 2a'pT + 2Rwa . (2.14) 
The explicit expressions for the flelds X = X+ + X- and Al^h are then 

X±{a±) = e±2^^'^±A'±(cT±) , A'±(ct± ±7r) = X±{a±) , (2.15) 

^LA^±)=e^^''^^^VLA^±) , (2.16) 

^ The twist parameter 7 can be interpreted as a flux corresponding to the 2d field Aa = qdaU 
on the cylinder, J A = 2qRw J da = 
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where X± and i^l ji are the free fields with the standard free closed string boundary con- 
ditions, i.e. having the standard oscillator expansions, e.g.. 



A:+ = iJ2 ane-^*""+ , X-=iJ2 One-^'""- , (2.17) 



r6Z+2 

and similar expressions for the left fermions with oscillators having extra tildes. One 
can then proceed with the canonical quantization of the model expressing the observables 
in terms of the above free oscillators. It is convenient to choose the light-cone gauge, 
eliminating the oscillator part of u = y — t (see [^|1^,^ for details). Then the string 
states are parametrised by the following global quantum numbers: the total energy E, the 
Kaluza-Klein linear momentum number m [py = mR~^) and the winding number w, the 
orbital momenta Iji and II in the 2-plane (analogues of the Landau level which replace 
the linear momenta pi,P2) and by the continuous momentum p^ (as well as by discrete 
momenta corresponding to extra 5 toroidal directions). 

The left and right angular momentum operators in the 2-plane contain the orbital 
momentum parts plus the spin parts 

Jl,r = ^{Il,r + ^) + Sl^r , J = Jl + Jr = ~ Ir + Sl + Sr , (2.18) 

where the orbital momenta Il,r = 0, 1,2, ... and Sl,r have the standard free superstring 
expressions [|18[ in terms of free oscillators, e.g., 5"^ = J2'^=i (^n+^n+ — 6jj_6n-)+fermionic 



terms (6^ are bosonic oscillators in (|2.17| ) rescaled by factors of (n±7)^/^). In the case 
when 7 = (or, more generally, 7 = n) the zero-mode structure changes in that the 
translational invariance in the 2-plane is restored (the zero mode oscillators are replaced 
by the standard zero-mode operators xi^2^Pi,2 HT^jQ)- The number of states operators Nr 
and Nl have the standard expressions |]1^ in terms of the oscillators in (|2.17] ) so that 



Nr,l = Nr^l - a, aW = 0, a(NS) =1, Nr = E^=i^(^l+^n+ + + •.•), etc. 

Under the usual GSO projection (which is implied by the GS formulation and is necessary 
for correspondence with the free RNS superstring theory in the limit q = but will not 
automatically lead to space-time supersymmetry for generic q) Nr and can take only 
non-negative integer values They satisfy the standard constraint Nr — Nl = rnw. 

Computing the stress tensor one finds the resulting expression for the light-cone gauge 
Hamiltonianil 

n = no- a'qiQjR + QrJl) + \a'q^P , (2.19) 



^ Here includes as well as the contributions of the linear and winding momenta in other 
5 free compactified dimensions (for simphcity we shall sometimes set them equal to zero). 
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It can be interpreted as describing charged states of closed superstring compactified on 
5"^ moving in the Melvin flux tube background. Ti. is different from the Hamiltonian of 
the free string on a circle Hq by 0{q) ('gyromagnetic' interaction, cf. (|l.l|),(pr^)) and 
0{q^) (charge-independent 'gravitational' interaction) terms. Charged string states are 
'trapped' by the magnetic field (they cannot move freely in the 2-plane having discrete 
orbital momentum numbers Il^Ir instead of continuous linear momenta pi,P2)- 

Ti can be represented also in the following ('free superstring compactified on a circle') 

form 

n = \a'[~ E"^ + pI + {m - qRjfR-^ + a'~'^w^R^] + Nr + Nl - qRw{jR - Jl) 

= ^a'{- +pI + m'^R-^ + a'~'^w'^R^) + iVj^ + iV^ , (2.20) 

whereli m' = m — qRJ, N'j^ = Nr — ^Jr, iV^ = Nl + 7<^l, 7 = qRw. The Virasoro 
condition li. = then leads to the expression for the mass spectrum = i?^ ~ Pa- '^^^ 
mass spectrum is invariant under 

q^q + 2nR-^, n = 0,±l,... , (2.21) 

since (for w = 0) this transformation can be compensated by m ^ m — 2nJ = integer. 
Note that because J can take both integer (NS-NS, R-R sectors) and half-integer (NS-R, 
R-NS sectors) values, the symmetry of the bosonic part of the spectrum q q + nR~^ is 
not a symmetry of its fermionic part, i.e. the full superstring spectrum is invariant only 
under (|;2l|). 

The same conclusion about the periodicity in q is true in general for w 0. In the 
form given above, eq. ( |2.19| ) is valid for < w < {qR)~^, i.e. for < 7 < 1. The 
generalization to other values of 7 is straightforward 0,^: one is to replace 7 = qRw in 
( p.20|) by 7 = 7 — [7], where [7] denotes the integer part of 7 (0 < 7 < 1, cf. (|1.2| )). For 
fixed radius R the mass spectrum is thus periodic in q, i.e. it is mapped into itself under 
( pj.21| ) (combined with m ^ m — 2nJ). In the case of qR = 2n (i.e. 7 = 2nw = 2k) 
the spectrum is thus equivalent to that of the free superstring compactified on a circle. 
For qR = 2n + 1 (i.e. 7 = (2n + l)w = 2/c + 1 if w is odd) the spectrum is the same as 
that of the free superstring compactified on a circle with antiperiodic boundary conditions 
for space-time fermions (see also [pO| , |2T[] ). This relation will become clear in the GS 
formulation discussed below.113 

^ Up to the orbital momentum terms, N'j^ j^ can be put into the same form as free operators 
Nr^l with the factor n replaced by n±7. This is related to the fact that the model we are solving 
is 'locally trivial', i.e. the g-dependence could be eliminated by a rotation of coordinates if not 
for the global effects. 

In particular, it will be apparent that the interaction term in the superstring action can be 
eliminated by a globally defined field transformation only if qR = 2n, while for qR = 2n + 1 
this can be done at the expense of imposing antiperiodic boundary conditions (in a or in the 
y-direction) on fermions (under the rotation by the angle 2'KqR = 2tt in the 2-plane, which is 
associated with a periodic shift in y, the bosons remain invariant but spinors change sign). 
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2. 3. Green- Schwarz formulation 

Given a generic curved bosonic background, the corresponding Green-Schwarz (GS) 



superstring action defines a complicated non-linear 2d theory. When one is able to fix 
a light-cone gauge and, moreover, the background geometry is fiat as in the case of the 
Melvin model (|2.3|) (so that conformal invariance and K-supersymmetry are guaranteed) 



the action becomes very simple (cf. ( p.6|) )B 

Lgs = G^,{x)d+x^d-x^ + iSrV+Sr + ISlV.Sl , (2.22) 

Here 5"]^ ^ (p = 1, 8) are the right and left real spinors of 5'0(8) (we consider type IIA 
theory). In the case of ( |2.3| ) we get (cf. (|2.5|) ) 



Lgs = {d+ + iqd+y)x{d- - iqd-y)x* + d+yd-y (2.23) 

+ iSRid+ - lqe'^j,jd+y)SR + iSUd- - ^qe'^ ^,jd-y)SL • 

It is natural to decompose the SO{8) spinors according to SO{8) — > SU{4) x U{1), i.e. 
iS£ (5£,5£), (5£.,iS]j), r = 1, ..,4. Then the fermionic terms in ( |2.23| ) become 

Lgs{S) = iSUd+ + '^tqd+y)S'R + zSlid. - '^iqd.y)Sl . (2.24) 

The connection terms in the covariant derivatives in the fermionic part of the GS action 
( p.24|) have extra coefficients ^ with respect to the ones in the RNS action ( |2.7| ). This 
immediately implies that the full theory is periodic under qR — > qR + 2n. 

The condition that the GS action (|2.22| ), (|2.23| ) has residual supersymmetry invariance 
S ^ S + e{x) is equivalent to Vae{x{T, a)) = daX^{d^ -\- i7m„u;^"')e(x) = 0. The absence 
of supersymmetry invariance is the consequence of the absence of zero modes of the above 
covariant derivative operators, or, equivalently, of the non-existence of solutions of the 
Killing spinor equation 

{d^ + i7mnc^™)e = . (2.25) 



mn 
At 



In the D = Z background corresponding to (|2.5| ) e = e(a:*, y) is a space-time spinor and u) 
is the same flat spin connection as in (|2.6| ),( [277D so that ( |2.25| ) reduces (after SU (4) x t/(l 



split of e as in (PT^ ) to 

{dy T \iq)e = . (2.26) 



Its form |23,^,25| can be explicitly determined, e.g., by comparing |24] with the known 



hght-cone superstring vertex operators [18|. 
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The formal solution of (|2.26|) e{y) = exp{±^iq) e(0) does not, however, satisfy the periodic 



boundary condition in y, e{y + 2nR) = e{y) (unless qR = 2n when the Killing spinor 
does exist, in agreement with the fact that in this case the theory is equivalent to the 
free superstring) . The conclusion is that for qR ^ 2n there is no residual space-time 
supersymmetry in the higher- dimensional (e.g., D = 5 supergravity) counterpart of the 
a = \/3 Melvin background.^ 

As in the bosonic and RNS cases, one can explicitly solve the classical string equations 
corresponding to (U^ ) (cf. (pJ^),(|2T3|)) 

SR,L{r. ^) = e-^^^(^''^)Efl,i(a^) , Er,l{t, a + tt) = e^'^^Efl,i(r, a) , (2.27) 

with the final result that the only essential difference, as compared to the free superstring 
case, is the coupling of bosons and fermions to the zero-mode part of the flat U{1) con- 
nection 9ay*- The expressions for the superstring Hamiltonian and mass spectrum are 
effectively the same as in the RNS approach ( |2.iy| ).Ei 

In general, the model with qR = 2n + 1 (7 = 2A; + 1 for odd w) is equivalent to the 
free superstring compactified on a twisted 3-torus (in the limit when the 2-torus part is 
replaced by 2-plane), or on a circle with antiperiodic boundary conditions for the fermions 
|T9[] (in particular, the theory with qR = 1 and R < \j2a' will have tachyons). 

The fundamental world-sheet fermions S that appear in GS action ( ^.22] ) are always 
•periodic in a (this is necessary for supersymmetry of the model in the g = limit). This 
implies that the 'redefined' fermions E in ( |2.27| ) must change phase under a shift in y- 
direction. For qR = 2n -|- 1 this results in antiperiodic boundary conditions for space-time 
fermions as functions of y (the space-time fields can be represented, e.g., as coefficients in 
expansion of a super string field $(y, 5, ...) in powers of world-sheet fermions). As a result, 
there exists a 1-parameter family of models interpolating between the standard supersym- 
metric qR = model with fermions which are periodic in y and a non-super symmetric 
qR = 1 model with fermions which are antiperiodic in y. 



Even though the D = 5 supergravity background is flat, it is the presence of the flat but 
non-trivial spin connection that leads to the breaking of supersymmetry. Let us note also that 
the absence of Killing spinors in the case of the a = Melvin solution of the Einstein-Maxwell 
theory was pointed out in [12|. 



For 2fc < 7 < 2fc + l the operators Nl,r, Jl,r have the usual free GS superstring form, which 
is similar to their form in the R-sector of the RNS formalism with vanishing zero-point energy. 
For 2fc — 1 < 7 < 2A; the operators Nl,r have the 'NS-sector' form, i.e. they take half-integer 
eigenvalues starting from — i. 
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2.4- Mass spectrum: supersymmetry breaking and (in) stability 

The expression for the mass spectrum that foUows from ( |2.19|) ,( pT20| ) is 

= E^-pI = Ml - 2qR-^mJ - 2a'~^qRw{jR - Jl) + (2.28) 

= 2a~^ {Nl + Nr) + (m - qRjfR-'^ + a'~'^w^R^ - qRw{jR - Jl) , (2.29) 

where Mq = 2a' ^{N^ + Nr) + m?R~^ + a' '^w'^R^ is the mass operator of the free 
superstring compactified on a circle. It is easy to see that in general is not positive 
definite in the winding {w ^ 0) sector because of the last 0{qRw) gyromagnetic interaction 
term in ( |2.2y| ). Thus one should expect the presence of instabilities, in agreement with 
the magnetic interpretation of the model and the existence of charged higher spin states 
in the spectrum. 

Indeed, it follows from ( |2.28| ) that (i) the space-time supersymmetry is broken for 
qR 7^ 2n, and (ii) there exists a range of values of parameters q and R for which there are 
tachyonic states in the spectrum. 

The breaking of supersymmetry is of course expected in view of the magnetic inter- 
pretation of the model (the coupling is spin-dependent). Suppose that we start with the 
free superstring compactified on a circle y and study what happens with the spectrum 
when we switch on the magnetic field, q 0- Since the mass shift in ( p.28|) involves both 



components Jl and Jr of the angular momentum the masses of bosons and fermions that 
were equal for g = will become different for g 7^ (it is impossible to have both Jl and 
Jr equal for bosons and fermions). Supersymmetry is absent already in the non- winding 
sector (where the coupling is to the total angular momentum J). 

For example, the free superstring massless ground states {Nl^r = = m = w) will, 
according to (|2.28| ), get masses M = \qj\ proportional to their total angular momenta, 
which must be integer for bosons and half-integer for fermions (cf. ( |2.1(j| )). Note that 
these states are neutral, so that from the 4-dimensional point of view the shift in the 
masses can be interpreted as a gravitational effect. This shift implies, in particular, that 
supersymmetry is broken already at the field-theory {D = 5 or D = 4 supergravity) level, 
in agreement with the absence of Killing spinors in the D = 4 Melvin background discussed 
above. 

In the absence of supersymmetry some instabilities of the bosonic string model may 
survive also in the superstring case. The mass operator ( |2.29| ) is positive in the non- winding 
sector, but, as in the bosonic case, tachyonic states may appear in the winding sector. 
Consider, for example, the NS-NS winding states with zero Kaluza-Klein momentum and 
zero orbital momentum quantum numbers and with maximal absolute values of the spins 
Sr^l at given levels (leading Regge trajectory) 

«; > , m = , Ir = Il = 0, Sr = Nr + 1, Sl = -Nl-1. (2.30) 
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We shall assume that < qRw < 1 (states with w > (qR) ^ can be analysed in a similar 
way). Then Nr = Nl = N, J = 0, Jr- Jl = 2N + 1, and 

a'M^ = 4N + a'~^w^R^ - 2qRw{2N + 1) . (2.31) 

A ?\r I ' — 2 r>2 

The state with given and w will be tachyonic for q > qcrit, Qcrit = 2(2N+i)wR ■ -^^^ 
= we get a' qcrit = \wR. The condition qRw < 1 is satisfied provided wR < \/2a' . 

In general, states with < can be present only for R < V2a', i.e. the full spectrum 
is tachyon-free if i? > \j2a' . For fixed R < \j2a' the minimal value of the magnetic field 
strength parameter at which tachyons first appear is a' qcrit = ^R, corresponding to the 
A^ = 0, w = 1 case discussed above. 

All other sectors (R-R, R-NS, NS-R) are tachyon-free. The absence of tachyons in the 
fermionic sectors is a direct consequence of unitarity. Since a unitary tree-level S'-matrix 
should correspond to a string field theory with a hermitian action, the 'square' of hermitian 
fermionic kinetic operator should be positive in any background. This translates into the 
positivity of for the fermionic states in the case of static backgrounds. One impli- 
cation is that similar models should have another general property of the spectrum: the 
states which become tachyonic should originate only from the states of the free superstring 
spectrum which belong to the leading Regge trajectory Q . If there were bosonic tachyons 
not only on the leading Regge trajectory, but also on the subleading one, then a fermionic 
state with an 'intermediate' value of the spin (but otherwise the same quantum numbers) 
would have < 0. Since this is not allowed by unitarity, in any unitary superstring 
model corresponding to a static background tachyonic states can only appear on the first 
(bosonic) Regge trajectory. This is indeed true in the open superstring case (|2.9[) and in 
the present and more general closed superstring models discussed in Section 4 [Q. 

Let us note also that the fact that some higher spin winding states may become 
tachyonic means that that there are new massless states at the critical values of the mag- 
netic field. This suggests a possibility of symmetry enhancement in similar models. The 
magnetic perturbations may also reveal certain hidden symmetries of the superstring spec- 
trum .0 

One can consider also the heterotic version of the above model (where the magnetic 
field is embedded in the Kaluza-Klein sector) by combining the 'left' or 'right' part of the 
superstring model with the free internal part. Then Q (cf. ( p.29| )) 

a'M^ = 2{Nr + Nl) +p] + a{mR~^ - qjf + a'^w'^R^ - 2qRw{jR - Jl), (2.32) 

where Nr-Nl = mw + \p], Nr = 0, 1, 2, = Nl-1 = -1,0, 1, .... In addition to the 
instabilities discussed above there are also new ones, which (for the 'self-dual' value of the 
radius R = y/a') appear for infinitesimal values of the magnetic field. These are the usual 
Yang-Mills- type magnetic instabilities, associated with the gauge bosons {m = w = ±1, 
p] = Ir = Il = 0, Nr = Nl = 0, Sr = 1,Sl = 0) of the SU{2)l group. 
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Let us note in this connection that a special symmetry of a general class of tachyon-free 



string models with finite 1-loop cosmological constant was discussed in [26|. 
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2. 5. Partition function 



The basic properties of the spectrum are reflected in the 1-loop (torus) partition 
function Z of the model which will be non- vanishing for q ^ 2nR~^ due to the absence 
of the GS fermionic zero modes, i.e. the absence of supersymmetry. Z is straightforward 
to compute by computing the path integral in the GS formulation [||. The first step is 
to expand y in eigen- values of the Laplacian on the 2-torus and redefine the fields x, x* 
and SL,R:SL^fi in (|2.23| ), (|2.24D to eliminate the non-zero-mode part of y from the U{1) 
connection. The zero- mode part of y on the torus {ds^ = \dai -fr(icr2p, r = Ti+iT2, < 
c^a < 1) is y* = yo+27rR{wai+w' , where w, w' are integer winding numbers. Integrating 
over the fields x, x* and iS£ jj,i5£ ^, we get a ratio of determinants of scalar operators of 
the type d + iA, d — iA with constant connection A = qdy^ — ttx, x = (lR{w' — rw). The 
partition function has the simple form H] 



/j2 °° 
J2 exp{-7i{a'T2)~^R^\w' -rw\^) 

'-' Til T ( 1 ' - — — rsr--. 



(2.33) 



where 



X ^o('r,r;x,x) 



^(^,^;X,X) = exp[ 



7r(x-x)^ ^i(xk) 



2r2 



(2.34) 



The factor in ( |2.33| ) stands for the contributions of the integrals over the constant fields 
x,x*,Sl,r,Sl,r which become zero modes in the free-theory {q = 0) limit 



Zn 



2-^q'^R^\w' -Twfr^ 



(2.35) 



Zq vanishes for g — >^ in agreement with the restoration of supersymmetry in this limit .0 
The partition function vanishes at all supersymmetric points qR = 2n where the 
fermionic determinants have zero modes (^i-functions in y-factors in (|2.33| ) have zeros for 
any w,w'). More generally, Z is periodic in q (see ( p.21|) ) 



Z{R,q) = Z{R,q + 2nR-^) , n = 0,±l. 



(2.36) 



For qR = 2n + l the partition function is the same as that of the free superstring compact- 
ified on a circle with antiperiodic boundary conditions for space-time fermions (the 



The q ^ divergence of the bosonic 'constant mode' factor ~ q^^ corresponds to the 
restoration of the translational invariance in the xi, X2 -plane in the zero magnetic field hmit (this 
infrared divergence reproduces the factor of the area of the 2-plane). 
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dependence on odd qR can be eliminated from (|2.24| ) at the expense of making Sji^l,Sii^l 
to satisfy antiperiodic boundary conditions in a or y, cf. ( |2.27| )). 

Z is infrared-divergent for those values of the moduli q and R for which there are 
tachyonic states in the spectrum and is finite for all other values. In particular, it is 
finite for R > \j2(x' and arbitrary q. Z is usually interpreted as a cosmo logical term or 
1-loop effective potential for the moduli (so that one may study its extrema, etc., cf. [p7|). 
Since ( |2.33|) is non-negative and periodic in qR, its minima are at supersymmetric points. 
It is not clear, however, that this interpretation of Z as an effective potential applies in 
the present case of a space-time (i.e. not internal space) string model since the D = 4 
background is curved (Z is rather the full 1-loop effective action evaluated on a classical 
solution) . 



3. Superstring models for a = 1 Melvin and more general static magnetic flux 
tube backgrounds 

In the previous section we have discussed the simplest possible static magnetic flux 
tube model. Now we shall consider more general models corresponding to the 2- 
parameter flux tube backgrounds (|1.4|) . It turns out that the superstring versions of these 
models (which depend on compactiflcation radius, vector and axial magnetic fleld param- 
eters R, q and (3) have properties analogous to those of the (3 — {a = y/S Melvin) model. 
In particular, supersymmetry is broken for generic values of (/3, q) and these models reduce 
to the free superstring theory when both qR and a'f3R~^ are even integers. The spectrum 
contains tachyonic states which (in agreement with the general remarks in Section 2.3) 
appear only in the bosonic NS-NS sector and belong to the leading Regge trajectory. 

The string models corresponding to ( |1.4| ) with (3 > q are related to the models with 
/3 < q hj the duality transformation in the Kaluza-Klein coordinate y.S More precisely, 
the {R,(3,q) model is y-dual to {a'R~^,q, (3) model so that the q = (3 {a = 1 Melvin) is 
the 'self-dual' point. For fixed q these models thus fill the interval < (3 < q parametrized 
by /3, with a = \/3 and a = 1 Melvin models being the boundary points. The non-trivial 
A^^ = {p,(p,y) part of the corresponding bosonic string Lagrangian is (cf. (p73|)) 



L = d+pd.p + F{p)p\d+ip + q+d+y) (d.ip + q.d.y) (3.1) 

+ d+yd-y + 7^[(/>o + \ In F{p)] , F'^ = 1 + (3^ p" , q±=q±(3 . 

Note that in addition to the metric oi M.^ (which is no longer fiat) there is also the 
antisymmetric tensor and dilaton backgrounds {JZ is 2d curvature). This model is related 



At the level of the effective action (1.3) this transformation is the usual T-duahty map, 



A ^ ±6, a — > —a, ^ —f ^, G^v Gf^u, H^^x —>■ H^^x, which is obviously a symmetry of ( |1.3D . 



17 



to (|2.3|) by the formal 0(2, 2; i?) duality rotation (combination of a shift of f hy y and 
duality in y). Indeed, it can be obtained from the model which is y-dual to (|2.3|) by first 
changing g — /3, y ^ y and then shifting + qy. This explains why this bosonic 

model is solvable [^,^ even though the 10- dimensional target space geometry is no longer 
flat. The equivalent form of (^]l|) 



L = d+pd.p + F{p) {d+y - Pp^d+if') {d.y + (3p'd.^') (3.2) 

+ p'd+if'd.^' + 'R[4>o + \\ivF{p)] , 

where we have used the formal notation (f' = (f + qy. Introducing an auxiliary 2d vector 
field with components V+, V- we can represent ( |3.2| ) as follows, cf. ( |2.5| ) (this corresponds 
to 'undoing' the duality transformation mentioned above) 

L = l{D+x D*_x* + c.c.) + V+V- - V-d+y + V+d.y , (3.3) 

D± = d± + ipV± + iqd±y . 

Now it is easy to understand why the classical equations of this model are explicitly solvable 
in terms of free fields and the partition function is computable. In spite of the y-dependence 
in the first term, the equation of motion for y still imposes the constraint that Va has zero 
field strength, J^{V) = d-V^ — d+V- = 0: the variation over y of the first term vanishes 
once one uses the equation for x (as follows from the fact that qy-terms can be formally 
absorbed into a phase of x). Then V+ = C_|_ + V- = C_ + d-ij, C± = const. In the 
equations for V+ , V- one can again ignore the variation of the first term in since it 
vanishes under T{V) = 0. We find that V+ = C_|_ + d+y = d+y, V- = C_ + d-ij = —d-y. 
The solution of the model then effectively reduces to that of the model (|2.3| ), the only 
extra non-trivial contribution being the zero-mode parts of the two dual fields y and y. 
Interchanging of q and {3 is essentially equivalent (after solving for C+, C_) to interchanging 
of y and y and thus of momentum and winding modes. Eliminating C_|_, C_ one gets terms 
quartic in the angular momentum operators in the final Hamiltonian. Similar approach 
applies to the computation of the partition function Z. Once x, x* have been integrated 
out, the integrals over the constant parts of V+, V- cannot be easily computed for q(3 ^ Q 
and thus remain in the final expression [^Q. 

This discussion has a straightforward generalization to superstring case. The corre- 
sponding RNS action now contains the quartic fermionic terms which refiect the presence 
of a non-trivial (generalized) curvature of the space M.^. The direct analogue of the 'first- 
order' Lagrangian ( |3.3|) is (cf. ( p.7|) )E^ 



^RNS 



\{D+x D*_x* + c.c.) + X*rD+Xr + XID-Xl (3.4) 
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The fermionic part of this Lagrangian is reminiscent of the fermionic models studied in [28|. 
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-V.d+y + V+d.y 



The final expressions for the Hamiltonian and partition function then look very similar 
to the bosonic ones (the role of fermions is just to supersymmetrize the corresponding 
free superstring number of states and angular momentum operators and to cancel certain 
normal ordering terms). One finds (cf. (|2.19| )) 

n = \a'{-E^ + pI) + Nr + Nl (3.5) 

+ \a'R-'^{m - qRjf + \a'~^R^{w - a'PR'^jf - ^{Jr - Jl) , 

where Nr — Nl = mw, 7 = 7 — [7], 7 = qRw + a'(3R~^m — a'q(3J. [7] denotes the 
integer part of 7 and the operators Nr^l^ Jr,l are the same as in (|2.19[ ). 

The duality symmetry in the compact Kaluza-Klein direction y (which interchanges 
the axial and vector magnetic field parameters /3 and q) is now manifest: ( p.5|) is invariant 
under R ^ a'R~^, P ^ q, m ^ w. The resulting expression for the mass spectrum 
can be written in terms of the 'left' and 'right' magnetic field parameters and charges, 
q± = q±P, Ql,r = mR-^ ± a'~^Rw (it reduces to ( g:28|) when P = 0) 

= - 2{q+QLJR + q-QRW + {q\jR + qlJL)J ■ (3.6) 

The only states which can be tachyonic are bosonic states on the first Regge trajectory 
with the maximal value for Sr, minimal value for Sl, and zero orbital momentum, i.e. 
Jr = Sr-^ = Nr + 1, Jl = Sl + 1 = -Nl-1. Then 

a'M^ = 2{Nr + Nl){1 - 7) + a'R-^{m - qRjf + a'~^R^{w - a' I3R-^ Jf - 27, (3.7) 

which is not positive definite due to the last term —27. One finds Q that for generic 
values of (g, (3) there are instabilities (associated with states with high spin and charge) 
for arbitrarily small values of the magnetic field parameters. The special case of /3 = 
(or g = 0), corresponding to the a = Melvin model discussed in Section 2, is the only 
exception: in this (type II) model there are no tachyons below some finite value of q. The 
example which illustrates the generic pattern is the a = 1 Melvin model where q = (3 
[q- =0,q+ = 2/3) and 

a'M^ = 4NR + a'Qji-4^jR , 'y = a' PQl - a J ■ (3.8) 

If we choose for R = ^/a' then the states with w = m, Nl = 0, Jr = Nr + i and Jl = 
become tachyonic for (3 in the interval (3i < (3 < (32, (3i,2 = m~^{l =F Vl ~ Icrit) , Icrit = 
m? /{m? + i). For large m = Nr these magnetic field parameters are very small. These 
infinitesimal instabilities appear because of the presence of states with arbitrarily large 
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charges and thus are a special property of the closed string theory. Unhke the usual Yang- 
Mills-type magnetic instabilities, they (being associated with higher level states) remain 
even after the massless-level states get small masses. This suggests that a configuration 
with generic values of (g, (3) will 'decay' to become a stable one with special values of q, (3. 

The supersymmetry is broken for generic values of the magnetic field parameters 
/9, q (the two magnetic fields couple to both L, R- components of the spin which cannot 
simultaneously be the same for bosons and fermions). When qR = 2ni and a'PR~^ = 2n2 
, ni,2 = 0, ±1, the theory is equivalent to the free superstring compactified on a circle 
(in this case 7 = and, after appropriate shifts of m, w by integers, (|3.5| ) reduces to the free 
superstring Hamiltonian) . If qR = 2ni + 1 or a' I3R~^ = 2n2 + 1, then the necessary shift 
in m or w in the fermionic sector involves half-integer numbers. In these cases the theory 
can be interpreted as a free superstring on a circle with antiperiodic boundary conditions 
for space-time fermions. 

The corresponding partition function is ||^,^ (cf. ( |2.33| )) 

/j2 /• °° 
/ dCdC (aVs)-^ (3.9) 

^ w ,w' = — oo 



X 



exp ( - 7r(a'/3V2) ^ [xx - R{q + P) {w -tw)x- R{q - (w' - tw)x 

+ RV{w'-rw){w'-fw)]) X Zo(r,f;x,x) ^'(^' ^1^^^'^ , 

^ V? X' XJ 

where x = 2(3C + qR{w' -rw), x = 2f3C + qR{w' -fw), and y(r, f;x, x) and Zo{T,f]x,x) 
were defined in (|2.34| ) and ( p.35|) . The auxiliary parameters C, C are proportional to the 
constant parts of V± in ( |3.4| ). In the limit /3 ^ we recover the partition function ( 2.33| ) 
of the model discussed in the previous section. 

The partition function ( |3.9|) has the following symmetries (cf. ( |2.36| )) 

Z{R, q, (3) = Z{a'R~^,(3, g), Z{R, g, (3) = Z{R, q + 2niR~^, (3 + 2n2a~^R). (3.10) 

These are symmetries of the full conformal field theory (as can be seen directly from the 
string action in the Green-Schwarz formulation). If qR ^ ni and a'l3R~^ ^ n^-, there 
are tachyons for any value of the radius i?, and the partition function contains infrared 
divergences. As follows from ( |3.10| ), when a.' f3R~^ (or qR) is an even integer, the partition 
function reduces to that of the a = -\/3 Melvin model (|2.33| ). In particular, in the special 



case when both qR and a'PR~^ are even, the partition function is identically zero (then 
the theory is equivalent to the free superstring). When either a'(3/R or qR is an odd 
integer, the partition function is finite in a certain range of values of the radius. 
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4. 'Twisted' SU{2) x U{1) WZNW model as compact analogue of magnetic flux 
tube model and supersymmetry breaking 

The non-trivial part of the 10-dimensional space-time corresponding to the a = -\/3 
Melvin model (|2.3| ), (|2.7|) is a fiat non-compact space M.^. The breaking of supersymmetry 
in the model (|2.7| ), (|2.22D is a consequence of an incompatibility between periodicity of 



space-time spinors in the Kaluza-Klein direction y and the presence of mixing between y 
and the angular coordinate of 2-plane which produces a flat but globally non-trivial spin 
connection. Replacing the 2-plane by a compact space with a non-trivial isometry and 
mixing the isometric coordinate with another compact internal coordinate y, one may try 
to construct similar models in which supersymmetry is broken while the Lorentz symmetry 
in the remaining flat non-compact directions is preserved. Below we shall discuss such a 
model where the 4-space Rx-^ x M.^ = (xs, p, 99, y) is replaced by = SU (2) *[/(!), i.e. 
the 'twisted' product of the SU (2) WZNW model and a circle. A4'^ (plus the corresponding 
torsion) is locally the group space SU{2) x U{1) and thus defines a conformal model. 

We shall consider as (part of) the internal space and discuss how the twist pa- 
rameters lead to supersymmetry breaking.^ This will not be in contradiction with the 
'no-go' theorem on impossibility of spontaneous supersymmetry breaking by continuous 
parameters 13^,0 since the corresponding (heterotic) string vacuum will not be supersym- 
metric already in the absence of the twist (the central charge condition will not be satisfied 
unless one adds a linear dilaton background or considers special values of the level k). In 
what follows we shall ignore this problem, concentrating on 'additional' supersymmetry 
breaking induced by continuous twist parameters. In view of a relation to the magnetic 
flux tube model, this supersymmetry breaking can be given a 'magnetic' interpretation.lll 

Simplest examples of models with spontaneous supersymmetry breaking are string 
compactifications on 'twisted' tori (or string analogues of the 'Scherk-Schwarz' com- 
pactifications) [lT9|j3^ , pT| . Consider, e.g., the 3-torus {xi,X2,y) = {xi + 27rR'ni,X2 + 
27TR'n2,y + 2'KRm) and twist it by imposing the condition that the shift by period 
in y should be accompanied by a rotation in the (xi, a;2)-plane. For a finite R' the 
only possible rotations are by angles ^Trm, i.e. one may identify the points {O^y) = 
{9 + 27rn -|- iyrm, y + 2iTRm)^ cot 9 = xxjx^- The superstring theory with this flat but 
non-trivial 3-space AIq as part of the internal space was considered in (see also 



where it was found that such twist of the torus breaks supersymmetry and leads to the 



A special case of this model was considered in [p9| where it was interpreted as describing a 
space-time magnetic background (with the curvature of being small, i.e. the level of SU (2) 
being large). 

In that sense this model is similar to other models where supersymmetry is broken (in a 



discrete way) by magnetic fields in internal dimensions, see [32| and refs. there. 
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existence of tachyons for < 2a' and non-vanishing (and finite for > 2a') parti- 
tion function. The R' oo hmit of this model is actuaUy equivalent to the special case 
qR = im of the a = \/3 Melvin model ( |2.5| ) (the case of m = 4 explicitly considered in 
|T^ is equivalent to the superstring compactified on a circle with antiperiodic boundary 
conditions for the fermions). Since in the model ( |2.5| ) the 2-plane is non-compact and thus 
the twisting angle 2TcqR is arbitrary, this model continuously connects large R' limits of 
the models of [|T9[ with different values of the integer m. 



Such models with compact flat internal spaces always have discrete allowed values of 
the twisting parameter (a symmetry group of a lattice which generates a torus from R^ is 
discrete). As a result, the supersymmetry breaking mass scale /i is directly proportional 



to the compactification mass scale R' [^. Given that n should be of TeV order, this 



implies the large value for R' and thus the existence of a tower of 'light' (M ~ TeV) 
Kaluza-Klein states ||3^,^. This leads to fast growth of coupling with energy making 
perturbation theory unapplicable ^6 . 



It could happen that analogous 'twistings' of models with compact curved internal 
spaces with isometries lead to vacua where the supersymmetry breaking scale could be 
continuously adjusted and thus decoupled from the Kaluza-Klein scale. Such possibility, 
however, is ruled out by the results of []30| , |3T[] Even though this will not resolve the prob- 
lem of large internal dimension (since the 'discrete' part of the supersymmetry breaking 
will already relate the supersymmetry breaking and compactification scales) it may still be 
of interest to look for other continuous mechanisms of supersymmetry breaking which may 
complement the 'discrete' one. The idea is to separate the issue of discrete supersymmetry 
breaking due to non-compensation of the central charge from the additional continuous 
supersymmetry breaking induced by the twists. 

To construct a generalisation of the model ( |2.2| ),( |273D which will be compact and, 
at the same time, remain to be conformal, let us consider the SU{2) x U{1) WZNW 
theory and 'twist' the product by shifting the two isometric Euler angles 9^ and Oji of 
SU{2) [g = exp(|6'Lcr3)exp(|'0cr2)exp(|6'fla3)) by the periodic coordinate y G (0, 27ri?) 
corresponding to ^7(1) 

e'L=9L + qiy, 9'j, = 9R + q2y. (4.1) 



According to [30| it is not possible to break supersymmetry in a continuous way by adding 
a marginal perturbation to an N = 2 supersymmetric world sheet conformal model describing 
a space-time supersymmetric vacuum of heterotic string theory. This 'no-go' theorem does not 
apply to the non-compact model ( |2.3| ),( p?7| ) which can be considered as a marginal perturbation 
of the free non-compact model: the left-right symmetric perturbation q€ij{xidxjdy + Xidxjdy) in 
(|2.5|) is marginal and integrable (since the space Ai^ is flat so that R^,^ = order by order in q) 



but is not well-defined as a CFT operator. Note that according to ( p.l9| ),(2.28) the supersymmetry 
is broken there already at 0(g) order. 
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Here qi, q2 are continuous twist parameters.il The special case of such model with ^2 = 
was considered in . To make contact with the model (|2.3| ) it is necessary to keep both 
qi and q2 non- vanishing 

The resulting SU{2) x U{1) WZNW Lagrangian 

L'(qi, 92) = Lsui2) 01 e'j,) + dydy , (4.2) 

Lsu{2) Ol, Or) = k{dil^d^ + dOLdeL + 86 rBO r + 2 cos il^dORdeL) , (4.3) 

defines a conformal theory since locally M.'^ = {i/j, 6l, Or, y) is still the same SU (2) x U (1) 
group manifold. In particular, the corresponding central charge is unchanged, c = ']~^ + 1. 
Its independence of qi makes it clear that 'trivial' discrete breaking of supersymmetry due 
to non-zero central charge deficit will be unrelated to 'non-trivial' continuous one induced 
by non- vanishing 'magnetic' twists qi. 

The case of qi = —q2 = g is a compact analogue of the model (|2.3|). Let us first note 
that Lsu{2) in ( |4.3D can be written as 

Lsu{2) ii^: 0,6) = k [d^d^ + 4 sin^ ^ dOdO + 4 cos^ ^ dOdO (4.4) 
+ 2 cos il; {dOdO - dOdO)] , e=UOL-OR), e = kOL + OR). 



For small tp (large k) (|4.4| ) reduces to k{dtjjdtp + tp'^dOBO + 48080 + ...), i.e. describes a 
product of a 2-disc (?/', 0) and a line 0. Observing that for qi = —q2 = q the shift ( [Cl] ) 
implies 0' = + qy, 0' = 0, we can establish a relation between L'{q, —q) ( [4.2| ) and ( |27^ ) 
by identifying the coordinates in the following way: y/ktl^ p, ^ (p, VkO 0:3. 

The Lagrangian ( [4.2| ) can be represented in the form of a perturbation of the SU{2) x 
U{1) WZNW model 

L'(gi,Q2) = Lsu{2){0l.0r,^) +2qJ^Jy + 2q2hJy (4.5) 

-f (1 -|- kq\ + kq^ + 2kqiq2 cosip)8ydy , 

where J3 = —ikTr{asg~^dg), J3 = —ikTr{asdgg~^), Jy, Jy are the Cartan currents of 
the SUi2) X U{1) modelH 

J3 = A;(a^L + cosV'a6'i?), J3 = A;(a6'fl + cos^a6'L), Jj, = ^y, Jy = dy. (4.6) 



The discussion that follows can be generalised to the case of other WZNW models (and 
their cosets) using the parametrisation g = exp{i61Hs) exp{i'ip°'Ea) exp{i9%Hs) (where Hs are 
generators of the Cartan subalgebra) and mixing 9l,0r with coordinates of an extra torus. 

Another way to see why (|4.2| ), (|4.5| ) with qi = —q2 = q is related to ( ^.3|) ,( ^75|) is to use the 
parametrization g = exp( j^x„a„) in which (for small x„ or large k) J3 = \fkdx2, + tijXidxj + 
J3 = Vkdxa — tijXidxj + ..., Lsui2) = dxidxi + 8x38x3 + i,j = 1,2. Then 0(g) terms in 
coincide with 0{q) terms in Li + 8x38x3 in (2.5). 
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0{qi) and 0{q2) terms in (|4.5| ) are thus integrable marginal perturbations of the SU{2) x 
U{1) WZNW model. This follows directly from conformal invariance of ([4.2| ) and is also in 
agreement with the fact that marginal J J-perturbations by Cartan currents are integrable 



||38|| . Note that it is only in the 'chiral' case of = or ^2 = considered in that 
L' ( |4.2| ) can be represented as the original SU{2) x U{1) CFT (with rescaled radius of y) 
plus JJ-term. 

The SU{2) X U{1) group space preserves half of maximal space-time supersymmetry 
(A^ = 4, D = 4); in particular, there is the corresponding number of Killing spinors. The 



superstring compactification on x was discussed, e.g., in [|5| where it was pointed 



out that in the context of the effective field theory approach the extra condition ||2^ on 
the Killing spinor "f'^'^'^ Hmnk = coming from the dilatino transformation law (under the 
assumption that the dilaton is constant) is not satisfied. This is related to the issue of 
cancellation of the central charge, i.e. the presence or absence of the tree-level potential 
term for the dilaton ('cosmological constant'). For special values of k the central charge 
can be cancelled by combining this model with a minimal model [p9| or with 'untwisted' 



N = 2 coset model A central charge deficit can be compensated by a linear dilaton 



background with resulting 'discrete' supersymmetry breaking [^.il As mentioned above 
we shall concentrate on additional supersymmetry breaking induced by the continuous 
twist parameters qi. 

Let us show that the background associated with the twisted model ([4.2| ) does not 
admit Killing spinors so that the corresponding light-cone gauge Green-Schwarz super- 
string action does not have residual supersymmetry. In the case of the WZNW model the 
fermionic part of GS action is given by [p4| , |25[| (cf. (|2.22| )) 



Lgs{S) = ISrV+Sr + ISlV-Sl , (4.7) 



rmn 



T) — I 1^, , .mn a , ,mn , ,mn _i_ 1 rrr 

= C± + ^Tmnt^i^ C±a;'" , ujj^^=u)^ ±2-" 

The quartic fermionic terms are absent since the generalised curvature R{uj±) vanishes.^ 
If one chooses the left-invariant vierbein basis (e"^ = e^dx^ = —iTr{a'^g~^dg)) then one 
of the two generalised connections vanishes {H^jj\ = —fmnke^e'^e^)- ^^-J^ = 0, = 
— |/™ (in the right-invariant basis = 0)- As a result, half of the maximal super- 
symmetry is preserved since Sr fermions remain free (the corresponding Killing spinor 
equation ( |2.25| ) with w co^ has e=const as a solution). It may seem that the same 



For a discussion of supersymmetric Rq x SU{2)k-type models with linear dilaton see [41,29|. 
The corresponding supersymmetric cr- model (RNS) action was discussed in |42,43|. Let us 



note that the twist ( [4.1| ) preserves the extended world-sheet supersymmetry the cr-model action 
since the existence of the supersymmetry is determined by local conditions on a background. 
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conclusion should be true also in the 'shifted' theory (O) since locally ( [4.1| ) can be con 



sidered as a coordinate transformation and thus the transformed should also vanish. 
However, the left-invariant vierbein basis which is independent of explicitly depends 
on cos6'fl, sin 6* /J and thus its direct analogue obtained by making the shift ( ^Tll ) is not 
defined unless qiR are integers. If one uses the original left-invariant basis, one needs to 
make an extra local Lorentz transformation to make the full metric diagonal. Then P_ 
gets a flat but non-trivial g^-dependent connection term. As a result, for generic g^i? ^ 2nj 
the Killing spinor equation P-^e = has no solutions consistent with periodic boundary 
conditions in y (cf. (|2.23| ), (|2T24D ,( p.26D ), i.e. supersymmetry is completely broken. 



This can be seen more explicitly by choosing another ('isometry-adapted') basis corre- 
sponding to the diagonal form of the WZNW action (|4.4|) : = dip, = 2 sin ^dO, = 
2 cos f d6», ey = dy. Then = - cos ^dO, = sin ^dO, = 0, H = ^'f' A A 

= — cos ^d{9 ± 6), uf^ = sin ^d{9 ± 6). The solution of the corresponding Killing 
equations is eR^L{ip,0,9) = exp(f ?/;(X3)exp(±|6'i?,Lcri)ei?,L(0), where 9l,r = 9±9 and 
fL,i?(0)=const. Making the transformation ([4.1| ) we flnd that the formal solutions of the 
Killing spinor equations corresponding to the 'twisted' model are (cf. (|2.24|) , p726D ): 



As in ( |2.26| ) the periodic boundary conditions in y imply that supersymmetry is broken 
unless QiR = 2ni. 

The dependence of the Killing spinors on 6*1, and 9ii is related to the existence of the 
fixed points [tp = 0, 2n) in the action of the isometries corresponding to shifts along 9l and 
9ii. The same is true in the 2-plane case in the polar coordinate basis. The breaking of 



supersymmetry by the twist (O) may be attributed to this dependence. Similar breaking 
will thus happen in general when an isometry which has fixed points is 'mixed' with another 
circular dimension. This dependence of Killing spinors on angular coordinates leads also 



to an apparent 'breakdown' of supersymmetry MM after the duality transformations in 



these coordinates (it is only the local realisation of supersymmetry that is actually broken 



by the duality [^0). Note that the shift (|4.1|) becomes part of the 0(3,3;^) duality 
transformation group of the SU{2) x U{1) model only when qiR = 277,^, i.e. when 
supersymmetry is unbroken. 

It would be interesting to determine the spectrum of the model ( [4.2| ) to see the su- 
persymmetry breaking explicitly. This can probably be done by generalizing the approach 
of where the special case of g2 = was solved. It is clear from the spectrum given in 



||29|| that qi plays the role of the the supersymmetry breaking parameter. 

To try to construct 'realistic' models which include this 'magnetic' supersymmetry 
breaking one needs to address the question of saturation of the central charge condition. 
One possible suggestion is to relax this condition, assuming that the dilaton equation 
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should eventually be satisfied with loop and non-perturbative corrections included [p6| , p2| 



(note, however, that 5c ~ is small only if k is large and that leads back to the problem 
of large compactification scale). Another is to consider special values of k for which the 
total c can be balanced by combining this model, e.g., with N = 2 coset one. An interesting 
aspect of the supersymmetry breaking induced by the 'magnetic' twists is that the resulting 
contribution to the cosmological constant is likely to be very small. Assuming that the 
compactification radius is ~ ~ Mp^ while the 'magnetic' supersymmetry breaking 
scale q is of order of TeV^ or M^, and that the partition function of a 'realistic' 

model will be similar to ( |2.33| ) (which is proportional to for small q), one may expect 
to find A4 ~ /Mil which is very small indeed. 



Acknowledgements 

I would like to thank T. Banks, M. Green, E. Kiritsis, K. Kounnas, D. Liist, F. Quevedo and 
M. Tsypin for useful discussions and remarks. I am grateful to J. Russo for collaboration 
and discussions. I acknowledge also the support of PPARC and of ECC grant SC1*-CT92- 
0789. 



26 



References 



[1] M.A. Melvin, Phys. Lett. 8 (1964) 65. 
[2] A.A. Tseytlin, Phys. Lett. B346 (1995) 55. 
[3] J.G. Russo and A.A. Tseytlin, Nucl. Phys. B449 (1995) 91, |hep-th/ 9502038 



[4] J.G. Russo and A.A. Tseythn, "Magnetic flux tube models in superstring theory". 
|hep-th/9508068 . 



[5] N.K. Nielsen and P. Olesen, Nucl. Phys. B144 (1978) 376. 
[6] E.S. Fradkin and A.A. Tseythn, Phys. Lett. B163 (1985) 123. 
[7] A. Abouelsaood, C. Callan, C. Nappi and S. Yost, Nucl. Phys. B280 (1987) 599. 
[8] CP. Burgess, Nucl. Phys. B294 (1987) 427; V.V. Nesterenko, Int. J. Mod. Phys. A4 
(1989) 2627. 

[9] S. Ferrara and M. Porrati, Mod. Phys. Lett. A8 (1993) 2497. 
[10] J.G. Russo and A.A. Tseytlin, Nucl. Phys. B448 (1995) 293, |hep-th/9411099[ 
[11] J.G. Russo and L. Susskind, Nucl. Phys. B437 (1995) 611; A. Sen, Nucl. Phys. B440 
(1995) 421. 

[12] G.W. Gibbons, in: Fields and Geometry, Proceedings of the 22nd Karpacz Winter 

School of Theoretical Physics, ed. A. Jadczyk (World Scientific, Singapore, 1986). 
[13] H.B. Nielsen and P. Olesen, Nucl. Phys. B61 (1973) 45. 

[14] F. Dowker, J.P. Gauntlett, D.A. Kastor and J. Traschen, Phys. Rev. D49 (1994) 2909; 
F. Dowker, J.P. Gauntlett, S.B. Giddings and G.T. Horowitz, Phys. Rev. D50 (1994) 
2662. 

[15] F. Dowker, J.P. Gauntlett, G.W. Gibbons and G.T. Horowitz, "The decay of magnetic 

fields in Kaluza-Klein theory" , |hep-th/ 9507143 . 
[16] G.W. Gibbons and K. Maeda, Nucl. Phys. B298 (1988) 741. 

[17] J.G. Russo and A.A. Tseytlin, "Heterotic strings in a uniform magnetic field", |hep- 
I th/9506071 



[18] M.B. Green, J.H. Schwarz and E. Witten, Superstring Theory (Cambridge U.P., 1987). 

[19] R. Rohm, Nucl. Phys. B237 (1984) 553. 

[20] J.J. Atick and E. Witten, Nucl. Phys. B310 (1988) 291. 

[21] C. Kounnas and B. Rostant, Nucl. Phys. B341 (1990) 641. 

[22] M.B. Green and J.H. Schwarz, B136 (1984) 307; Nucl. Phys. B243 (1984) 285. 

[23] P. Candelas, G. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B258 (1985) 46. 

[24] E.S. Fradkin and A.A. Tseytlin, Phys. Lett. B158 (1985) 316; Phys. Lett. B160 
(1985) 69. 

[25] I. Bars, D. Nemeschansky and S. Yankielowicz, Nucl. Phys. B278 (1986) 632. 

[26] K. R. Dienes, Nucl. Phys. B429 (1994) 533; |hep-th/ 9409111 ; |hep-th/95051^ . 

[27] P. Ginsparg and C. Vafa, Nucl. Phys. B289 (1987) 414. 



27 



[28] M. Porrati and E.T. Tomboulis, Nucl. Phys. B315 (1989) 615; E.T. Tomboulis, Phys. 
Lett. B198 (1987) 165. 

[29] E. Kiritsis and C. Kounnas, "Infrared behavior of closed superstrings in strong mag- 
netic and gravitational fields" , [hep-tli/9508078| . 
[30] T. Banks and L. Dixon, Nucl. Phys. B307 (1988) 93. 
[31] M. Dine and N. Seiberg, Nucl. Phys. B301 (1988) 357. 
[32] C. Bachas, "A way to break supersymmetry" , [hep-th/ 9503030| . 

[33] J. Scherk and J.H. Schwarz, Phys. Lett. B82 (1979) 60; Nucl. Phys. B153 (1979) 61. 
[34] S. Ferrara, C. Kounnas and M. Porrati, Nucl. Phys. B304 (1988) 500; Phys. Lett. 

B206 (1988) 25; C. Kounnas and M. Porrati, Nucl. Phys. B310 (1988) 355. 
[35] I. Antoniadis, C. Bachas, D. Lewellen and T. Tomaras, Phys. Lett. B207 (1988) 441. 
[36] S. de Alwis, J. Polchinski and R. Schimmrigk, Phys. Lett. B218 (1989) 449. 
[37] I. Antoniadis, Phys. Lett. B246 (1990) 377; I. Antoniadis, C. Munoz and M. Quiros, 

Nucl. Phys. B397 (1993) 515; K. Benakli, "Perturbative supersymmetry breaking in 

orbifolds with Wilson line backgrounds" , hep-th/9509115| . 
[38] S. Chaudhuri and J.A. Schwarz, Phys. Lett. B219 (1989) 291. 
[39] D. Gepner, Nucl. Phys. B296 (1987) 757. 
[40] Y. Kazama and H. Suzuki, Nucl. Phys. B321 (1989) 232. 
[41] C. Kounnas, Phys. Lett. B321 (1994) 26. 

[42] S.J. Gates, CM. Hull and M. Rocek, Nucl. Phys. B248 (1984) 157; P. Howe and G. 

Sierra, Phys. Lett. B148 (1984) 451. 
[43] R. Rohm, Phys. Rev. D32 (1985) 2849. 

[44] E. Bergshoeff, R. Kallosh and T. Ortin, Phys. Rev. D51 (1995) 3009; I. Bakas, Phys. 

Lett. B343 (1995) 103. 
[45] I. Bakas and K. Sfetsos, Phys. Lett. B349 (1995) 448. 

[46] E. Alvarez, L. Alvarez-Gaume and I. Bakas, "T-duality and space-time supersymme- 
try" , [hep-th/9507112| ; K. Sfetsos, "Duality and restoration of manifest supersymme- 
try", |hep-th/951003i . 



[47] S.F. Hassan and A. Sen, Nucl. Phys. B405 (1993) 143; M. Henningson and C. Nappi, 
Phys. Rev. D48 (1993) 861; E. Kiritsis, Nucl. Phys. B405 (1993) 109. 



28 



